Abstract-The fabrication and characterization of a microchamber electrode array for electrical and electrochemical studies of individual biological cells are presented. The geometry was tailored specifically for measurements from sensory hair cells isolated from the cochlea of the mammalian inner ear. Conventional microelectromechanical system (MEMS) fabrication techniques were combined with a heat-sealing technique and polydimethylsiloxane micromolding to achieve a multilayered microfluidic system that facilitates cell manipulation and selection. The system allowed for electrical stimulation of individual living cells and interrogation of excitable cell membrane dielectric properties as a function of space and time. A three-electrode impedimetric system was incorporated to provide the additional ability to record the time-dependent concentrations of specific biochemicals in microdomain volumes near identified regions of the cell membrane. The design and fabrication of a robust fluidic and electrical interface are also described. The interface provided the flexibility and simplicity of a "cartridgebased" approach in connecting to the MEMS devices. Cytometric measurement capabilities were characterized by using electric impedance spectroscopy (1 kHz-10 MHz) of isolated outer hair cells. Chemical sensing capability within the microchannel recording chamber was characterized by using cyclic voltammetry with varying concentrations of potassium ferricyanide (K 3 Fe(CN) 6 ). Chronoamperometric recordings of electrically stimulated PC12 cells highlight the ability of the platform to resolve exocytosis events from individual cells.
membrane responses to electrical and/or chemical stimuli, such as signaling factors or drugs [1] . Whereas technologies such as patch-clamping and fluorescent probes are quite effective tools, the maturation of microelectromechanical system (MEMS) and nanoscale technologies is offering alternative approaches and new opportunities to observe the living machinery of biological cells, both in health and disease. MEMS technologies, in particular, bring the promise of simplified semiautomated highthroughput approaches to studies of individual cells. In some cases, MEMS approaches offer inherent scaling advantages [1] [2] [3] [4] [5] that have been exploited to study a variety of cell types including erythrocytes [6] , lymphocytes [7] , outer hair cells (OHCs) [8] , and cardiac myocytes [9] .
Because of these advantages, we have employed MEMS technologies in the design and fabrication of a platform for electrical and chemical analyses of single cells, with specific focus on sensory hair cells isolated from the cochlea of the mammalian inner ear. Hair cells are specialized epithelial cells that serve as the mechanotransducers of the inner ear and are essential to the sensory functions of balance and hearing. In addition to their role as transducers, hair cells also act as actuators through a fast Ca 2+ dependent motor associated with transduction, a slower actin-myosin motor in the cilia, and, in the case of cochlear OHCs, a piezoelectric-like somatic motor. These motors pump energy into the cochlea and are the core components of the "cochlear amplifier"-a system that underlies the remarkable sensitivity and selectivity of human hearing. Furthermore, neurotransmitter release kinetics of hair cells is integral to our ability to detect and encode delays on the order of just a few microseconds that are associated with biaural sound source localization [10] . As a result, there has been a great deal of interest in both basic science and clinical medicine to better understand the underlying mechanisms of hair cell electromotile amplification and neurotransmitter exocytosis processes. Motivation for this paper was provided by the following factors: 1) the existence of only a few thousand OHCs in the cochlea of mammalian species [11] ; 2) variations of individual cell morphology and function for frequency specificity; 3) the challenge to regenerate/culture these cells; and 4) the difficulty in extracting the cells from the cochlea. Just as important, the temporal fidelity of synaptic vesicle release and cycle-by-cycle electromotility are extremely fast events that are beyond the capability of conventional pipette-based electrophysiological techniques. Extending the temporal speed and spatial resolution beyond existing technologies was the primary motivation for the system reported here.
In this paper, we describe the design and fabrication of a platform for EIS of small regions of the cell membrane and the measurement of chemical concentration adjacent to the cell membrane where exocytosis occurs. As part of the device construction, a layered heat-sealing approach is introduced to add multidimensionality and encapsulation to SU-8 based microfluidic chips with bond strengths of 1.2 ± 4 MPa. This approach combines the efficiencies of the rapid-prototyping, "Xurography," [12] method with the precision of SU-8 photolithography to achieve multidimensional MEMS with 5-10-µm feature sizes. Overall, this method provided a simple alternative to previously reported SU-8 multilayering and encapsulation approaches involving complex SU-8 to SU-8 bonding [13] , [14] . Furthermore, a fluidic and electronic interface that provided the flexibility and simplicity of a "cartridge-based" approach in connecting to MEMS devices is introduced. Cytometric measurement capabilities of the platform were characterized by using EIS (1 kHz-10 MHz) of isolated OHCs. Chemical sensing capability within the microchannel recording chamber was characterized by using cyclic voltammetry with varying concentrations of potassium ferricyanide (K 3 Fe(CN) 6 ). Chronoamperometric recordings of rat pheochromocytoma (PC12) cells (rat adrenal gland) highlighted the ability of the platform to resolve exocytosis events from individual cells. These cells release dopamine, which is electroactive, allowing for its direct electrochemical detection with a bare gold electrode. Detection of glutamate, which is released from hair cells, would require electrode functionalization beyond the scope of this paper. Fig. 1 shows a schematic of the electrochamber array. The individual device die [ Fig. 1(a) ] is formed on a glass substrate to allow optical viewing of the chamber with an inverted scope. The device consisted of two fluidic layers: 1) Melinex/ polydimethylsiloxane (PDMS) top fluid layer (pink, ∼120-µm thick) and 2) SU-8 lower fluidic layer (blue, ∼120-µm thick). Access to the fluidic layers was achieved through the four circular wells, two for each layer. As part of the electrical/ metallization layer were 12 1-mm 2 bond pads that provided a means of externally connecting to the electrode traces. Initially, ten of the electrode traces were wired together via a linking trace on the periphery of the device. This provided a means of performing wafer-level electroplating of platinum black (Ptblk) to selected electrodes. These lines were subsequently removed during wafer dicing. Fig. 1(b) shows the SU-8 channel tapering from a large entrance (where it meets the main fluid channel) to a recording chamber [ Fig. 1(c) ] whose dimensions corresponded to those of the largest OHCs (10 × 85-µm long). In the wider region of the SU-8 channels, central posts were included to help prevent collapsing of the overlying fluidic layers. The channel depth (12 µm) ensured close proximity of the cell plasma membrane to the surface electrodes. Two large stimulating electrodes (SEs), which are located axially at either end of the cell, allowed for the patterning of an electric field around the cell for the purposes of physiological stimulation.
II. PLATFORM DESCRIPTION

A. MEMS Device
A close-up of the chamber [ Fig. 1(c) ] reveals a ∼5-µm constriction or "bottleneck" in the SU-8 fluidic layer that is used to retain the hair cell in position over the recording electrodes through the application of a light vacuum pressure. The chamber itself is lined with eight Pt-blk interdigitated surface electrodes that are 5-µm wide by 5-µm spacing. Four of the Pt-blk electrodes [left side of Fig. 1(c) ] are connected via the headstage to voltage-following op-amps and also to reference impedances allowing for signal inputs as well as voltage and/or impedance recordings. The other four Pt-blk electrodes are connected to 50-Ω coaxial cables for direct signal inputs. Because all the electrodes were independently addressable, measurements could be made along different regions of the chamber and, as a result, in different regions of the OHC. The Au electrode was proximally positioned at the estimated location of the ribbon synapse (exocytosis site) of the hair cell and served as the working electrode (WE) in a three-electrode potentiostat arrangement. Above the constriction were a silver/silver chloride (Ag/AgCl) reference electrode (RE) and, completing the potentiostat, a large Pt-blk counter electrode [CE, both in the left side of Fig. 1(b) ].
B. Multilayered Microfluidics
Key components of device functionality were as follows: 1) the ability to rapidly identify a particular cell in a population of varying cell types and extracellular debris and 2) the ability to confine the cell in a tight recording space over the electrodes. The selection and confinement processes have opposing requirements from a fluidic architecture perspective. Introduction of the larger cell/extracellular populations required a fluidic channel that is several times larger than the characteristic dimension of a cell in order to be able to rapidly search larger sample volumes. Furthermore, as the isolation procedure for OHCs involves surgical dissection of the organ of Corti from guinea pigs, it is inevitable that larger tissue/extracellular components will accompany the OHCs of interest. Larger channel dimensions help to prevent clogging that often occurs in smaller microchannels as a result of these larger elements. On the other hand, the recording chamber size must be nearly equivalent to that of the OHC (∼9 µm in diameter and 15-90 µm in length [15] ) in order to immobilize the cell of interest over the recording region and reduce the extracellular fluid shunt. Close contact of the cell with the channel wall reduces the size of current shunt path around the cell and, thereby, increases the effectiveness of the EIS to detect changes in the cell properties. The nature of MEMS manufacturing makes the realization of channels of multiple depths on the same layer challenging. To satisfy both requirements for the device, a multilayer structure was implemented by introducing the method of bonding heatsealable films to SU-8. This approach retained the smaller feature capabilities of SU-8 lithographic processing with a multilayering approach that was both inexpensive and effective.
C. Electrical and Fluidic Interface
When working with living cells, individual devices inevitably lose their effectiveness as microchannels become clogged or electrodes are fouled with cellular debris. It was also often necessary to iterate on device geometries to accommodate various applications or cell types. To address these needs, a flexible interface with a "cartridge-based" approach for rapid exchange of individual MEMS devices was developed. With this architecture, entire design changes in the MEMS platform can be rapidly implemented without redesign of the fluidic and electronic interfaces. By simply conforming to a standard fluidic and electrical output scheme [corresponding to contact pad and fluid well layout in Fig. 1(a) ], a wide variety of device designs can be used in this arrangement.
A system interface was designed to allow for introduction of an aliquot of cells into a reservoir connected to the MEMS device. Pressure gradients were used to move cells from the reservoir into the device, flow the cells along the microfluidic channels, and position individual cells in the interrogation region of the chamber. The electrical and fluidic interface to the MEMS device consists of four main components: 1) headstage, 2) bulkhead, 3) clamp, and 4) base (see Fig. 2 ).
The headstage [ Fig. 2(b) ] holds 12 double-ended spring probe pins (B1363-D4, Rika Denshi, Attleborough, MA) that serve as an electronic interface from bond pads on the MEMS device to the mounted printed circuit board (PCB) with integrated instrumentation amplifiers. Screw mounting of the PCB provided interchangeability and adaptability in the analog circuitry used for signal processing. The PCB was populated with high-impedance voltage-following op-amps (OPA356, Texas Instruments, Dallas, TX) for voltage measurements on five channels, reference impedances for accurate impedance calculations, analog resistor/capacitor (RC) filters, and line-outs for voltammetry measurements and command-signal inputs. Four fluidic ports on the headstage correspond to the four wells on the MEMS device [see Fig. 1(a) ]. One port was a through hole directly to one of the entry wells of the device, allowing for micropipette dispension of media and/or cells. Two-milliliter pipette pumps (Bel-Art, Pequannock, NJ) were connected to the outlets, allowing for precise control of pressure (flow) in the system. A single MEMS device mounts firmly in the base of the holder via a spring-loaded locking mechanism. A fine-pitch set screw allows for alignment of the MEMS device to the headstage. The base was screw-mounted to the microscope stage (Zeiss Inverted, IM35), and a machined opening allowed viewing of the microchannels/cells during experiments. A pivoting bulkhead allows for rapid device exchange and also serves as a strain relief mechanism for the cables exiting the headstage. The clamp locks the bulkhead in place and provides a fluid-tight seal with a PDMS gasket.
III. METHODS
A. MEMS Fabrication
MEMS chips were fabricated in the University of Utah Core Microfabrication Facilities on 1.1-mm-thick 100-mm-diameter Schott Borofloat substrates (Valley Design Corporation, Santa Cruz, CA) using standard MEMS fabrication techniques (Fig. 3 ). Reticles and masks for all photolithography steps were generated with an Electromask MM250 Criss Cross Pattern Generator and Image Repeater (Interserv Technology, Bloomington, MN). All photolithography was performed by using an EV-420 mask aligner (Electronic Visions Group, Tempe, AZ). The substrate was purified of contaminants using a 5-min piranha etch (300-mL H 2 SO 4 :100-mL H 2 O 2 ).
The initial electrically conducting layer was constructed via sputter deposition (Denton Discovery 18, Moorestown, NJ) of an 80-nm Titanium (Ti) seed layer (100 W, 4 min, 15-sccm Ar, base pressure < 1 × 10 −6 torr) followed by a 350-nm layer of Gold (Au, 50 W, 12 min, 15-sccm Ar, base pressure < 1 × 10 −6 torr). The Au layer and Ti layers were patterned by using Shipley MicroPosit 1813 Photoresist (Rohm & Haas, Malborough, MA) and a Potassium Iodide (KI) : Iodine (I) : H 2 0 (4 : 1 : 40 g) wet etch and a HF:H 2 0 wet etch (20 : 1 mL), respectively. Any photoresist residue was removed by using acetone followed by a short plasma etch (100 W, 100-sccm O 2 , 3 min) in an Oxford Plasmalab 80 (Oxford Instruments, Oxfordshire, U.K.). A 140-nm Silver (Ag) layer was sputter deposited (50 W, 15-sccm Ar, 6 min) directly on the previously patterned metal layer. The Ag layer was patterned by using Shipley 1813 and wet etched using a nitric acid (HNO 3 ) : phosphoric acid (H 3 PO 4 ) : acetic acid (CH 3 COOH) : H 2 0 (3 : 3 : 23 : 1 mL) mixture. The silver layer was chlorided to form a silver/silver chloride (Ag/AgCl) electrode with a 5-s immersion in a 6% sodium hypochlorite (NaClO) solution. Selected electrodes were subsequently plated with Pt-blk in a chloroplatinic acid (H 2 PtCl 6 ) : lead acetate (Pb(OOCCH 3 ) 2 ):H 2 O (25:0.2:725 g) plating solution using a constant current source (HP 6625A dc power supply) with a current density of 10 mA/cm 2 [16] , [17] . To ensure a robust layer, the plating was performed under ultrasonication as described by Marrese [18] with a custom designed electroplating chamber mounted on top of an ultrasonication bath (FS20, Fisher Scientific, Waltham, MA). Processing order of the metallization layer proved to be critical in realizing the three types of metal electrodes on a single MEMS chip. As the Au etch was not selective to Ag, it was necessary to pattern the Au layer prior to sputter deposition of the Ag layer. This did not create any alignment issues as the Au features were easy to resolve without backside alignment due to the limited (140-nm) thickness of the Ag layer. Chloriding of the Ag electrode prior to Pt-blk electroplating was crucial as an electrochemical deposition would form on insertion of the bare Ag into the plating bath.
After an acetone/IPA rinse, the wafers were dehydrationbaked at 200
• C. A 12-µm-thick layer of SU-8 2010 polymer (Microchem Corp. Newton, MA) was spun on the wafers (2700 r/min). Wafers were soft-baked at 65
• C for 3 min and 95
• C for 7 min. They were then exposed with a dose of 147 mW at 365 nm UV and post-exposure-baked at 65
• C for 1 min and 95
• C for 3 min. Finally, the pattern was developed with SU-8 Developer (Microchem Corp., Newton, MA). The wafer was diced by using a Disco DAD-541 dicing saw with a diamond resin blade (ThermoCarbon, Casselberry, FL). Dicing also served to remove the electrical contact lines used for electroplating.
B. Multilayered Fluidics Fabrication
Two separate approaches were employed in construction of the multilayered cell selection channels. The first approach applied heat-sealable films to generate a permanent sealed layer on top of the SU-8. The second approach used more conventional micromolded PDMS channels.
1) Heat Sealing:
The Xurography technique [12] was applied to pattern a layer of Dupont Melinex 342 600 gauge film, a heat-sealable film. The pattern design was generated in Autocad 2000 (Autodesk, San Rafael, CA) and transferred to the film using a Graptec FC7000-75 knife plotter (Graphtec America, Santa Ana, CA). With the standard heat-seal layer thickness of Melinex 342 (∼12 µm), the required pressure to bond the layer to the SU-8 resulted in compression of the material into the SU-8 microchannels. To circumvent this problem, the layer thickness was reduced to ∼1 µm via plasma etch. Following patterning, the film was dry etched in an Oxford Plasmalab 80 at 200 W, 50-sccm O 2 for 1 h and 10 min to reduce the thickness of the heat-seal layer from ∼12 to ∼1 µm. Etching depths were measured by using a Tencor P-10 Profilometer (KLA Tencor, San Jose, CA). Prior to heat sealing to the MEMS fabricated die, the surface of the SU-8 on the individual die was activated by using an O 2 Plasma of 100 W, 50-sccm O 2 for 2 min. A custom designed and fabricated heat press was used for heat-sealing the chips (described below). The patterned Melinex film was visually aligned to the die and was sealed (120
• C, 450 psi, 20 s) to the SU-8.
2) PDMS Layer Formation: An SU-8 mold was fabricated by using a borofloat substrate and cleaned as previously described. A 100-nm Ti adhesion layer was sputter deposited onto the glass using a TMV Super Series SS-40C-IV Multi Cathode Sputtering System (Mowry Enterprises, Shrewsbury, MA) at 100 W, 15-sccm process pressure, 100-sccm O 2 for 5 min. A 120-µm-thick layer of SU-8 2050 was spin deposited on the wafer at a speed of 1000 r/min, patterned by using an EV-420 at an exposure dose of 375 mW, and developed. Three Melinex spacers (∼2 × 2 cm) were heat-sealed (150
• C, 450 psi, 20 s) in an equally spaced arrangement on the perimeter of the mold to allow for the formation of the top of the fluidic channel. The mold was immersed in soapy water and air dried to create a residue layer to serve as a release agent for the PDMS once it had been cured. Dow Sylgard 184 Silicone Elastomer (Dow Corning, Midland, MI) was mixed at the specified 10 : 1 ratio, degassed under house vacuum, and poured over the mold. A top borofloat wafer, also with a soapy residue, was clamped to the top of the mold, and the PDMS was allowed to cure overnight under house vacuum at room temperature. When cured, the PDMS was lifted off of the mold, rectangles corresponding to the MEMS chip dimensions were cut by using a scalpel, and fluidic port holes were manually punched by using a Harris Uni-CoreTM biopsy coring punch (Electron Microscopy Sciences, Hatfield, PA).
C. Heat Press Design and Fabrication
A custom heat-sealing press was designed and fabricated for the bonding of films onto the wafers. Pressure was applied via a Goodyear Super-Cushion Air Spring (1B5-1, Goodyear Engineered Products, Akron, OH) connected to a Nitrogen (N 2 ) cylinder via a pressure regulator (R07-200R, Dixon Valve, Chestertown, MD). Combined with a 2× mechanical advantage provided by the lever arm, the press was capable of applying up to 200-psi pressure on a 6" diameter plate above the sample. A pivot connecting the top plate to the lever arm allows for proper planarization of the top and bottom plates during pressure actuation to ensure a uniform seal. A custom cast aluminum resistive heating element (Watlow Company, St. Louis, MO) and integrated platinum resistive temperature detector allowed for temperature control (up to 450
• C) of the substrate. Temperature was regulated by using a proportional-integralderivative temperature controller (CNI844, Omega Engineering, Stamford, CT). A machined ring on the contact surface of the heater provided for external application of a vacuum to remove air from the sample prior to heat sealing.
D. Biological Cell Preparation
Collection and preparation of OHCs was performed under a protocol approved by the Institutional Animal Care and Use Committee at the University of Utah following the approach described previously by Brownell et al. [19] . Unconscious adult guinea pigs (200-400 g) were decapitated, and both temporal bones were removed and placed in a balanced phosphatebuffered saline solution (PBS). The bulla was opened to expose the cochlea, the bony capsule was removed, and the apical turn of the organ of Corti was dissected from the modiolus. The tissue containing the OHCs was separated from the organ under continuous immersion in PBS and was transferred to a 40-µL vial by pipette. OHCs were isolated mechanically under visual observation by repeated manual pipette aspiration. Within 2 h of isolation, cells were transferred to the MEMS device and positioned in the microchamber visually using vacuum pressure.
Human red blood cells (RBCs) were obtained after Institutional Review Board approval of procedures, diluted in 1-mL physiological PBS (pH 7.4) with 5-mM ethylenediaminetetraacetic acid added. An aliquot of the solution was immediately transferred to the MEMS device via manual pipette aspiration, and the cells were flowed through the microchannels using pressure applied via pipette pumps (Bel-Art, Pequannock, NJ).
PC12 cells (ATCC, Manassas, VA) were cultured in 75-mm 2 tissue culture flasks in Dubelcco's Modified Eagle Medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 15% horse serum (Invitrogen), 2.5% fetal bovine serum (Invitrogen) and 0.02 mg/mL gentamicin (Invitrogen). Flasks were kept in an incubator at 37
• C with 5% CO 2 . Media was refreshed every 3-4 days, retaining 10% of the existing media each time. During this process, cells were mechanically agitated to break up cell clusters through repeated washing through a pipettor tip. To increase quantal release of Dopamine (DA), cells were incubated for one hour immediately prior to use in experiments in a modified Locke's buffer supplemented with 3 mM DA as previously described [20] . NaCl concentration of the buffer was decreased by 3 mM to maintain osmolarity. Following incubation, cells were washed twice with 10 ml of DA-free Locke's buffer. Cells were transferred to the MEMS device in a similar manner to the previously described RBCs.
E. Peel Strength Tests
Ninety-degree peel strength tests (PSTC-3) [21] were performed by using an Instron Model 4303 testing apparatus (Instron, Norwood, MA). Two-inch square glass slides (48311-720, VWR, West Chester, PA) were cleaned and coated with SU-8 using procedures that are identical to those used for the wafer processing, with the exception that the SU-8 was not patterned. A 50-mm wide × 100-mm long Melinex was then plasma treated and bonded to the SU-8 using the same protocol previously described. The extra length (100 mm) of the Melinex film allowed for overhang for mounting onto the peel test apparatus clamp. Slides were loaded into the apparatus, which generated force-displacement curves as it pulled the Melinex film in a direction that is perpendicular to the glass slide at a rate of 20 mm/min. Areas under the curves were integrated and normalized to the peeled area to determine adhesion bond strength.
F. Cyclic Voltammetry Measurements
Each MEMS device included a three-electrode chemical concentration measurement system, with the WE strategically positioned within the interrogation chamber to enable measurement of chemical exocytosis events such as neurotransmitter release. Proof-of-concept calibration of the three-electrode arrangement was accomplished through cyclic voltammetry measurements of potassium chloride (KCl, 100 mM), phosphate (10 mM) buffer solutions (pH 7) with varying concentrations of K 3 Fe(CN) 6 . The WE in these tests was nonfunctionalized (bare Au). Measurements were made with an NPI VA-10 Potentiostat (ALA Science, Westbury, NY) configured with a three-electrode headstage. The output signal was filtered with a 100-Hz low-pass Bessel filter and passed to an additional 20-Hz low-pass four-pole Bessel filter (NPI LPBF-01G). The varying concentrations of K 3 Fe(CN) 6 were flowed through the chamber for several minutes to ensure wash-out of prior solutions. The flow was then halted, and the WE potential was linearly and continuously cycled from −700 to 300 mV (versus Ag/AgCL) and back to −700 mV at a scan rate of 400 mV/s using an arbitrary function generator (AFG320, Tektronix, Richardson, TX). Measurements were made after 5 min of cycling.
G. Chronoamperometry of Neurotransmitter Release From PC12 Cells
The microchamber was applied to electrically stimulate PC12 cells and simultaneously measure neurotransmitter release with the configuration shown in Fig. 4 . The threeelectrode arrangement was held in constant potential mode (chronoamperometry) at +700 mV with respect to the RE by the NPI VA-10 potentiostat. In order to simultaneously stimulate the cells electrically while maintaining a sufficient WE potential for dopamine oxidation, a 200 mV, .05 Hz sine stimulus (AFG 320, Tektronix, Richardson, TX) offset by 200 mV was across the cell with respect to a common ground. The voltage (current converted) output of the VA-10 was then passed through a 2-pole low-pass bessel filter (3 kHZ, VA-10, NPI Instruments, Tamm, Germany). Subsequently, data was digitally high-pass filtered at 5 Hz using a fast Fourier transform algorithm in IGOR Pro (Wavemetrics, Lake Oswego, OR) to eliminate the sinusoidal modulation of the WE current resulting from the applied stimulus while preserving the higher frequency response of the exocytosis events.
H. Impedance Modeling
A forward 3-D finite element model (FEM) of a PC12 cell in the chamber was generated in Comsol Multiphysics Electromagnetics Module (Comsol, Burlington, MA). Dielectric properties for analogous rat adrenal gland cells were taken from Brandt et al. [22] . Specific results are for a spherical PC12 cell of 10 µm in diameter. Chamber dimensions in the simulation corresponded to a localized area of the actual MEMS devices. The cell plasma membrane was modeled by using a distributed dielectric layer comprised of a specific conductivity of 2.85 S/m 2 and a relative permittivity of 0.26. The cell cytoplasm was modeled with a relative permittivity of 52 and a conductivity of 1.5 S/m. The surrounding cell media was modeled with a relative permittivity of 78 and conductivity of 1.4 S/m (e.g., saline). A sinusoidal (±20-mV) signal was applied across the electrode pair. The simulations would not be expected to provide quantitatively useful results but rather were used to provide qualitative illustration of the key features of the potential distributions.
A lumped parameter model was also generated to estimate the actual voltage realized across the cell relative to the applied stimulus. The model accounted for the voltage drops and phase shifts associated with the electrode double layers. The cell was modeled as a pair of parallel RCs separated by a resistor corresponding to the cell membranes of both sides of the cell and the cytosol, respectively. Cell properties were identical to those used in the FEM modeling. Electrodes were modeled as parallel RCs with properties calculated from those reported by Mirtaheri et al. [23] .
I. EIS Measurements
In separate experiments, individual OHCs that were positioned between two recording electrodes (two-electrode MEMS chip reported previously [6] ) under visual guidance and EIS (1 kHz-10 MHz) were recorded. Interrogating potentials were controlled via an arbitrary waveform generator (AWG 420, Tektronix, Richardson, TX) in voltage control mode. A dualsource voltage divider configuration was used as previously reported [8] for chamber impedance (Z(ω)) calculations. Signals were measured by using high-impedance voltagefollowing op-amps (OPA356, Texas Instruments, Dallas, TX) to low-frequency (Model SR830) and high-frequency (Model SR844) digital lock-in amplifiers (Stanford Research Systems, Sunnyvale, CA). Custom-developed software (IGOR Pro, Wavemetrics, Lake Oswego, OR) running on a Macintosh, PowerPC G4 (Apple, Cupertino, CA) was used to automate control of instrumentation and data acquisition through a general purpose interface bus (GPIB, IEEE-488) connection. Data were also collected in the absence of cells to characterize the electrode polarization impedance. The polarization impedance was subsequently subtracted from the raw data to allow direct comparisons between data collected from different regions of the cell. Fig. 5 shows the final MEMS fabricated chip without the top fluidic layer with a close-up of the recording chamber (inset). As shown in Fig. 5 (inset) , all of the electrodes, with one exception, were electroplated with Pt-blk. Pt-blk lowered the overall impedance of the electrodes by up to two orders of magnitude [24] . In addition to lowering the impedance, the plating method was also used to isolate a solitary Au electrode immediately prior to the constriction. As a result, in the future, we will be able to selectively functionalize the WE electrode for glutamate detection through the use of thiol-bonded selfassembled monolayers. Fig. 6 shows the Melinex film after etching [ Fig. 6(a) ], the microfabricated chip prior to heat sealing [ Fig. 6(b) ], and the final heat-sealed device [ Fig. 6(c) ]. As previously mentioned, the heat-seal layer thickness was reduced to 1 µm to minimize compression into the microchannels. Proper sealing of the channels required a balance of pressure and temperature to ensure a strong enough bond to seal without compressing the heat-seal layer (too high of a pressure) or melting the heat-seal layer (too high of a temperature) into the smaller SU-8 channels. Fig. 7(a) shows the effects of heat sealing under conditions in which the melting point of the heat-seal layer was surpassed, causing the material to reflow and fully occlude the channels. To avoid this, the temperature during heat sealing was controlled near the glass transition point of the layer without causing flow. At these temperatures, an increased pressure was necessary to ensure that the heat-seal layer would conform to microtopography of the SU-8, providing a mechanism for sealing. Further experimentation revealed the optimal heat-sealing conditions of 120
IV. RESULTS AND DISCUSSION
A. MEMS Device and Recording Chamber
B. Microfluidic Flow and Cell Selection 1) Heat-Seal Flow and Bond Strength:
• C and 450 psi for 20 s. Examples of a successful seal are shown in Fig. 7(b) and (c). Subsequent layers can be added to the initial layer to achieve increased multidimensionality of the fluidics through the heat sealing of multiple layers, as previously reported [12] and shown in Fig. 7(d) . Fluid flow tests confirmed the fluid-tight seal and ability to control the flow of human RBCs in the device, as shown in Fig. 8 . Bond strengths under these parameters were evaluated by using 90
• peel tests and determined to be 1.2 ± 0.4 MPa. Peel tests revealed adhesion failure at both the Melinex/SU-8 interface and at the SU-8/glass interface. Examination of devices over ten months after initial bonding revealed a robust seal and bond.
For the OHC electrophysiological application, a major drawback of the heat-sealing approach was the poor optical clarity in the unbonded areas (areas over the SU-8 channels). This was a direct result of the plasma etching of the surface of the heat-seal film, which created a highly roughened surface [see, e.g., Fig. 6(a) ]. Although the process was effective from a mechanical and fluidic point of view, the obscured visibility prevented the use of the Melinex channel for visually controlled OHC experiments. It is likely that future development of 1-2-µm heat-seal material, allowing for bypass of the etching step, would alleviate this problem and enable fabrication of systems with greatly improved optical clarity.
2) PDMS Micromolded Devices: Fig. 9 shows a comparison of the optical clarity of the heat-sealed devices [ Fig. 9(a) ] to that of the micromolded PDMS [ Fig. 9(b) ]. The PDMS micromold provided greater optical clarity, facilitating the direct visualization and selection of cells. Fig. 10 shows an example of an OHC that was identified in the main fluidic channel and subsequently pulled down into the smaller SU-8 recording chamber. The tradeoff was that the PDMS required well-controlled external pressure to achieve proper sealing without compressing the material into the SU-8 microchannels. This was achieved, with considerable attention during each experiment, by the adjustable set screws on the clamp apparatus of the fluidic interface. 
C. Electrochemical Measurements
The design allows for three main techniques of measuring the properties of cells. First, the scale of the device places eight to ten electrodes in fluid contact with the plasma membrane of the cell, allowing for the measurement of spatially resolved extracellular voltages along the axis of the cell. This capability has relevance to the study of excitable membrane properties and propagating events [13] . Second, the device incorporates a three-electrode system for potentiometric recordings of extracellular biochemicals using approaches such as cyclic voltammetry and chronoamperometry. Since the WE is in wet contact with the cell membrane, the design is well suited for measurement of chemicals released by the cell, such as vesicle-based exocytosis. These approaches have proven to be extremely sensitive for the detection of quantal releases (zeptomole range) of neurotransmitters from single cells and vesicles [25] [26] [27] . Third, the use of fringe-field impedimetric analysis, such as micro-EIS, provides an ability to dynamically interrogate the effective permittivity and conductivity of the membrane (perhaps nonlinear and excitable) [6] , [8] , [28] . Preliminary tests and modeling were used to demonstrate the usefulness of the present apparatus for each method.
1) Cyclic Voltammetry: Cyclic voltammograms with varying concentrations of K 3 Fe(CN) 6 in the recording chamber are shown in Fig. 11(a) (sweep rate of 400 mV/s). The concentration of the supporting electrolyte (KCl) for all concentrations of K 3 Fe(CN) 6 was 100 mM, thereby minimizing any contributing effects of varying K 3 Fe(CN) 6 concentrations to the overall ionic conductivity of the solution. The sigmoidal curves in Fig. 11(a) are indicative of an ultramicroelectrode (UME) operating at low scan rates. This shape was a result of the increased mass transport to the electrode due to thenonlinear diffusion kinetics that occurs with UMEs at slower scan rates [29] [30] [31] . The latency in data sampling was necessary as the current peak of the curves consistently showed a time decay component before reaching a quasi-"steady state." An example of the time decay is shown in Fig. 12(a) for a 9-mM K 3 Fe(CN) 6 concentration with a recording that started at the onset of the stimulus. Analysis of electrochemical kinetics at UMEs is highly dependent on the geometry of the WE, and analytical solutions for the electrochemical response of many electrode geometries have been developed [32] [33] [34] [35] . In the case of this system, the WE would be considered a "band" UME. Whereas band UMEs are typically defined as electrode strips having lengths that far exceed their widths (to fulfill an assumption of zero diffusion along the length of the electrode), this electrode satisfies this diffusion criterion due to the presence of SU-8 walls on either side of the electrode. Band-type electrodes have been shown to be governed by the same analytical solutions generated for hemicylindrical electrodes. It has been demonstrated that the current at these electrodes will never reach a "true" steady state but rather exhibits an inverse logarithmic decay with time [29] , [32] . The initial peak current was generally consistent with that predicted by the Randles-Sevcik equation for a cyclic voltammetry experiments
where n = number of electrons transferred in the electrode reaction, A = area of the WE (5 × 10 −7 cm 2 ), D = diffusion coefficient of the redox species (7.6 × 10 −6 cm 2 · s −1 for ferricyanide [36] ), C = initial concentration of the redox species [32] . In the example shown in Fig. 12 , (1) would predict a peak current of 2.11 nA versus the recorded 2.25 nA. Within a given series of measurements, this peak current was linearly related to ferricyanide concentration (not shown). The system also exhibited an overall irreversible decrease in the "steady-state" current magnitude with time. A likely explanation for this behavior is the formation of a Prussian Blue passivation layer, common in ferricyanide current-voltage (CV) experiments [37] , on the electrodes. The passivation layer decreases the faradaic kinetics of the electrode, resulting in decreased peak current. Formation of a passivation layer was also reflected in a decrease in the overall area of the CV curves (not shown). Since the effective capacitance in a parallel plate configuration is proportional to the area, formation of a passivation layer would decrease the overall capacitance and translate to a lower overall effective curve area of the CV curve.
The variability in peak current resulting from the time decay and passivation layer formation presented difficulties in using the traditional method of correlating peak current to concentration. To address this challenge, the alternate method of relating concentration to the slope of the curve in the reduction region (−200 to −500 mV) was employed. Fig. 11(b) shows a plot of the slopes versus K 3 Fe(CN) 6 concentration. This approach yielded a high linear correlation (R 2 = 0.998, n = 5) between the slope of the current and the concentration of K 3 Fe(CN) 6 , with a lowest detected concentration of 0.25 mM.
2) Chronoamperometry of Neurotransmitter Release From PC12 Cells: We chose PC12 cells as a model to test the feasibility of electrochemically measuring neurotransmitter release evoked by extracellular electric fields. PC12 cells release catecholamines, principally dopamine, when depolarized [38] , [39] . Dopamine is an electroactive molecule with a peak oxidation potential of ∼650 mV versus Ag/AgCl [40] inducing the following oxidation reaction:
Its release from PC12 cells can therefore be detected chronoamperometrically by maintaining the WE at a potential that is greater than its oxidation potential (+700 mV) and by measuring the current response as a function of time. Fig. 13(a) shows the calculated cell stimuli (blue), the current response of the WE for a chronoamperometric recording with a PC12 cell in the chamber (red), and without a cell in the chamber (green). Fig. 13(b) shows a representative individual current spike as recorded on the WE. The plotted sine stimulus represents the calculated change in the cell's transmembrane potential. The current trace with the cell in the chamber shows that spikes occur, which are characteristic of chronoamperometric measurements of cellular exocytosis events. The general amplitude and duration of the spikes are consistent with other measurements reported for PC12 cells pre-loaded with DA [20] . Furthermore, for this cell, the neurotransmitter release is modulated in phase with the positive peak of the sine stimulus. In the context of this setup, interpretation of these data can be facilitated by analyzing the voltage distribution in the microchannel. At low frequencies, the cell membrane impedance will block current from entering the cell. Since the cell is occupying the majority of the channel, the majority of the voltage will drop across the membrane of the cell. The result, as highlighted by the voltage surface gradient and contour plots generated from the Comsol FEM model (Fig. 14) , is that only half of the cell is depolarized. As this is an effect of the high cell membrane impedance relative to that of the extracellular current shunt path, this technique is generally applicable to other biological cells that occlude the majority of the channel cross-sectional area, including cochlear hair cells as previously reported by Rabbitt et al. [8] . In the case of PC12 cells, it would be expected that the neurotransmitter-current spikes correlate with the phase of the stimuli in which half of the cell over the WE is depolarized. The chronoamperometry data (Fig. 13) confirms this with the positive portion of the sine stimulus (blue) corresponding to the depolarization of the half cell over the WE.
3) Impedimetric Analysis: With five recording channels and eight independently addressable SEs, the apparatus was designed to be able to resolve spatial differences in voltage around the OHC or, during active interrogations, spatial differences in the effective membrane dielectrics. At low impedimetric interrogation frequencies, the high membrane impedance will block most of the current, resulting in a measurement dominated by the current shunt path in the conductive ionic media around the cell. As the frequency of the interrogation signal increases beyond 100 kHz, the displacement current associated with the capacitance of the cell membrane becomes large, resulting in a greater contribution from the plasma membrane permittivity.
Eventually, as the interrogation frequency is increased to the megahertz range, the plasma membrane impedance becomes small relative to the extracellular shunt, resulting in a greater contribution of the intracellular structures to the impedance spectra. As a result, with control of the interrogation frequency, it is possible to interrogate different characteristics of the cell and its surroundings, including shunt path size, effective membrane dielectric properties, and effective dielectric properties of intracellular structures. One caveat is that the cell must be tight in the chamber in order to achieve an impedance of the extracellular shunt path that is sufficiently high.
To demonstrate the ability to resolve spatial differences in the plasma membrane and intracellular structures, EIS measurements were recorded across isolated OHCs. Impedance magnitude (Z(ω)) and phase were recorded between pairs with the electrodes positioned over distinct regions of the cell: 1) basolateral to the nucleus; 2) directly over the nucleus; and 3) apical to the nucleus over the subsurface cisternae (SSC). Example data showing feasibility are shown in Fig. 15 . The normalized reactance is shown as a function of position in Fig. 15(b) for several recording sites along the length of the cell. It is significant to note that the reactance increased when measured near the nucleus but was relatively constant along the cell body in regions overlying the SSC. It is also notable that the reactance decreased to a minimum when measured basolateral to the nucleus-a region where the SSC is not present. This position dependence correlates well with the reported ultrastructure of OHCs [41] , [42] . Representative data collected at three positions along the cell [ Fig. 15(a) ] are also shown in the form of a bode plot. The dashed curve was recorded with the electrodes positioned basolateral to the nucleus, the dotted curve with the electrodes positioned over the nucleus, and the solid curves with the electrodes positioned in the apical region of the cell over the SSC. Unlike the reactive component, the resistive component was influenced by the saline shunt pathway around the cell. Because of this, the magnitude of the impedance decreased when the electrodes were positioned near the ends of the cell and increased when positioned near the center of the cell. At roughly 100 kHz for all three locations, the impedance magnitude begins to roll off with a corresponding negative shift in phase. The greater phase shifts observed near the SSC and nucleus are due to the additional membrane structures in these regions of the cell as described previously by Stoy et al. [43] and by Pamarthy [44] in OHCs.
V. CONCLUSION
A microchamber electrode array was developed to enable electrical and electrochemical analyses of individual inner-ear hair cells. A new approach of heat-sealing Melinex films to SU-8, as well as the conventional PDMS micromolding, was employed to achieve the multilayered microfluidics. By using this approach, bond strengths of 1.2 ± 0.4 MPa were achieved between the heat-seal layer and the SU-8. The design facilitated manual cell selection, manipulation, and interrogation under optical microscopy. The heat-sealing approach was limited in comparison to the micromolded PDMS. A reduced optical clarity of the film resulted from an etching process that was required to reduce the heat-seal layer thickness in an effort to enable sealing of micrometer-sized (12-µm) microchannels without occlusion. Nonetheless, the technique showed promise as a means of rapidly and inexpensively encapsulating/ multilayering SU-8 channels. As part of the apparatus, a robust fluidic/electrical interface was described, providing for a rapid efficient means of interfacing with individual MEMS devices. The potentiometric capabilities of the microchamber array were characterized through cyclic voltammetry to measure ferricyanide concentrations within the microchannel. A high linear correlation (R 2 = 0.998; n = 5) between the slope of the current on the CV curve in the reduction region (−200 to −500 mV) and the concentration of K 3 Fe(CN) 6 was demonstrated with a lowest detected concentration of 0.25 mM. A technique for extracellular electrical stimulation of cells with simultaneous chronoamperometric recording of exocytosis events is also presented. This approach was applied to resolve stimulus-modulated catecholamine exocytosis events from an isolated PC12 cell. Finally, EIS (1 kHz-10 MHz) measurements of hair cells highlighted the potential of the device to spatially resolve the cell membrane electrical properties as well as intracellular components.
